Background. The risk of hepatotoxicity with antiretroviral therapy (ART) remains unknown. We determined the comparative risk of acute liver injury (ALI) for antiretroviral drugs, classes, and regimens, by viral hepatitis status.
and hepatic dysfunction within the first year after ART initiation among those with and without viral hepatitis coinfection. We also determined factors associated with ALI. To accomplish these objectives, we combined data from 2 integrated health systems, Kaiser Permanente Northern California (KPNC) and the Veterans Health Administration, to create a large, nationally representative cohort of HIV-infected persons initiating ART in whom to evaluate ALI events.
METHODS

Study Design and Data Sources
We conducted a retrospective cohort study of HIV-infected persons who initiated ART within KPNC and the Veterans Aging Cohort Study (VACS), both of which utilize electronic medical records, permitting determination of dispensed antiretrovirals and laboratory-based definitions of ALI [16, 17] .
The KPNC is an integrated healthcare organization that provides inpatient and outpatient services to Northern California residents [16] . The KPNC HIV Registry identifies members with a positive HIV antibody test, detectable HIV ribonucleic acid (RNA), antiretroviral prescription, or HIV/acquired immune deficiency syndrome (AIDS)-related diagnosis. Medical chart review is performed to confirm diagnoses. Data collected from KPNC include demographics, inpatient/outpatient International Classification of Diseases, Ninth Revision (ICD-9) diagnoses, procedures, laboratory results, and dispensed medications. Deaths are identified within the KPNC mortality database.
The VACS consists of electronic medical record data from HIV-infected patients receiving care at Veterans Affairs (VA) medical facilities across the United States. Data include demographics, inpatient/outpatient ICD-9 diagnoses, procedures, laboratory results, and pharmacy data. Deaths are identified from the VA Vital Status file [18] .
This study was approved by the Institutional Review Boards of the University of Pennsylvania, KPNC, and Corporal Michael J. Crescenz Philadelphia VA Medical Center.
Study Patients
Patients were eligible if they were (1) HIV antibody-and/or RNA-positive, (2) ≥18 years old, (3) dispensed ART (defined as use of ≥3 antiretrovirals from 2 different classes [19] ) in an outpatient setting within KPNC between January 1, 2004 and December 31, 2010 or within VACS between January 1, 2004 and September 30, 2012, (4) without any antiretroviral fills in the prior 12 months, and (5) continuously enrolled in KPNC or VACS for ≥1 year. Patients were excluded if they had baseline evidence of any ALI outcome (defined below) or received warfarin (preventing identification of coagulopathy due to severe ALI).
The index date was the date the ART regimen was initially dispensed. The 12 months before this date represented the baseline period. Follow-up continued until (1) study endpoint (defined below), (2) death, (3) warfarin dispensation, (4) ART discontinuation (ie, no further antiretroviral medication fills within 30 days after the last prescription's days' supply) or change in ART regimen, (5) 1 year after index date, or (6) last contact before December 31, 2010 in KPNC or December 31, 2012 in VACS, whichever occurred first. For patients who discontinued ART, follow-up was censored on the end of the days' supply of the first antiretroviral discontinued.
Main Study Outcomes
We examined 3 categories of outcomes within 12 months after ART initiation (to increase the likelihood that ALI events were antiretroviral-associated). First, we determined development of liver aminotransferase elevations, defined as an inpatient or outpatient alanine aminotransferase (ALT) or aspartate aminotransferase (AST) >200 U/L (~5 times the upper limit of normal [ULN] of the assays used), a threshold that represents clinically important hepatic injury [20] and ~10 times what has been considered normal liver aminotransferase levels for males (30 U/L) and females (19 U/L) [21] . As a secondary endpoint, we determined incident grade 3 or 4 aminotransferase elevations determined by the toxicity grade scale used by the AIDS Clinical Trials Group [22] , an outcome evaluated in prior studies of antiretroviral-induced ALI [10, 11, 14] . As was done in those studies [10, 11, 14] , patients with pre-ART aminotransferases below ULN (ALT, 36 IU/L; AST, 40 IU/L) were classified, based on changes relative to ULN, as having incident grade 3 (>5 times ULN) or grade 4 (>10 times ULN) elevations. Patients with pre-ART aminotransferases above ULN were classified, based on changes relative to the baseline value, as having incident grade 3 (>3.5 times baseline) or grade 4 (>5 times baseline) elevations. Patients who did not have ALT/AST measured before ART initiation were excluded from analyses of grade 3/4 aminotransferase elevations.
Second, we evaluated severe ALI, defined by development of both international normalized ratio (INR) ≥1.5 and total bilirubin >2 times ULN in an inpatient or outpatient setting within 30 days of each other [23] . This definition indicates severe hepatic dysfunction and has been used by the US Food and Drug Administration's Sentinel Initiative to assess serious drug-induced hepatotoxicity in the postmarketing setting [23] .
Finally, we evaluated incident ALF among ART initiators without viral hepatitis, because pre-existing liver disease precludes an ALF diagnosis [24] . Acute liver failure was defined by coagulopathy (INR ≥1.5) plus either hepatic encephalopathy or liver transplantation [24] .
Data Collection
Baseline clinical data included the following: age, sex, race, obesity (body mass index >30 kg/m 2 ), alcohol dependence/abuse, cancer (excluding nonmelanoma skin cancers), diabetes mellitus, heart failure, and ART regimen. Alcohol dependence/abuse [25] and heart failure [26] were defined by validated ICD-9 diagnoses. Within KPNC, diabetes and cancer were determined by registries. Within VACS, diabetes was defined by random glucose ≥200 mg/dL, ICD-9 diagnosis, and/or antidiabetic medication use [27] , and cancer was determined by ICD-9 diagnosis. Baseline laboratory data included ALT, AST, INR, total bilirubin, platelets, pre-ART CD4 count and HIV RNA, hepatitis B surface antigen (HBsAg), hepatitis C virus (HCV) antibody, and HCV RNA. To minimize misclassification of viral hepatitis status, patients who ever had a positive HBsAg, HCV antibody, or HCV RNA during the study period were classified as viral hepatitis-coinfected. Data collected during follow-up included outpatient and inpatient ALT, AST, INR, and total bilirubin. We determined ALF events among patients without viral hepatitis using a method we previously described [9, 28] . Patients were screened for potential ALF if, during the year after ART initiation, they had the following: (1) a hospital ICD-9 diagnosis suggestive of ALF (Supplementary Appendix 1) and (2) both an inpatient INR ≥1.5 and peak total bilirubin ≥5.0 mg/dL. Hospital records of these patients were independently reviewed by 2 hepatologists (K.A.F. and D.S.G.). Acute liver failure was confirmed if a patient was hospitalized and had (1) no chronic liver disease, (2) coagulopathy (INR ≥1.5), and (3) either hepatic encephalopathy or liver transplantation [24] . Disagreements in ALF classification were arbitrated by a third hepatologist (K.R.R.).
Statistical Analysis
One-year cumulative risk and incidence rates (events/1000 person-years) of outcomes with 95% confidence intervals (CIs) of outcomes were calculated for individual antiretrovirals, nucleos(t)ide reverse-transcriptase inhibitor (NRTI) combinations, antiretroviral classes, and commonly prescribed ART regimens. Results were stratified by viral hepatitis status.
Cox regression was used to estimate adjusted hazard ratios (HRs) of endpoints among initiators of NRTI combinations, antiretroviral classes, and ART regimens [29] . We determined whether HRs of outcomes differed by viral hepatitis status through use of statistical tests of interaction within Cox models. Severe ALI and ALF were too rare to evaluate with multivariable Cox regression. Thus, multivariable analyses focused on liver aminotransferase elevations. Three models were developed, stratified by viral hepatitis status, to assess the risk of this endpoint among initiators of the following: (1) NRTI combinations; (2) PI, INSTI, and non-NRTI classes; and (3) common ART regimens. For each analysis, the most frequently prescribed NRTI combination (tenofivir plus either emtricitabine or lamivudine), antiretroviral class (non-NRTI), or ART regimen (efavirenz plus tenofovir/emtricitabine) was the reference. Analyses were adjusted for variables that were significantly (P < .05) associated with incident outcomes in univariable analyses. Proportionality of hazards was assessed by Schoenfeld residuals [30] . Severe acute liver injury is defined as total bilirubin >2 times the upper limit of normal and an international normalized ratio (INR) ≥1.5 in an inpatient or outpatient setting. Cox regression was also used to identify risk factors for aminotransferases >200 U/L in multivariable analysis and severe ALI in univariable analyses (given the rarity of these events). Age, sex, race, obesity, viral hepatitis, alcohol dependence/abuse, diabetes, cancer, heart failure, pre-ART CD4 count, pre-ART HIV RNA level, and baseline ALT were evaluated as risk factors.
To avoid bias from excluding subjects with missing data for models evaluating aminotransferases >200 U/L, we implemented multiple imputation using chained equations [31] . Ten imputed datasets were created using all variables. Imputed variables included baseline ALT, obesity, and pre-ART CD4 count and HIV RNA. Results across the 10 datasets were combined to arrive at CIs that accounted for within-and across-dataset variances [32] . Data were analyzed using SAS 9.4 (SAS Institute Inc., Cary, NC).
RESULTS
Patient Characteristics
Among 24 868 patients dispensed ART within KPNC (n = 8789) and VACS (n = 16 079), 10 083 persons (2099 in KPNC; 7984 in VACS) met eligibility and were followed for 5461 person-years ( Figure 1 ). The VACS patients were older, more commonly male or African American, less commonly Hispanic, and had a higher prevalence of viral hepatitis, alcohol dependence/abuse, and diabetes Hepatitis C virus infection defined by ever-positive hepatitis C virus antibody or hepatitis C virus RNA.
than KPNC members (Table 1) . Median pre-ART CD4, pre-ART HIV RNA, and baseline ALT were similar between the groups.
Risk of Liver Aminotransferase Elevations
During the study period, 206 patients (n = 10 083; 2.0%) developed aminotransferases >200 U/L and 178 (n = 9542; 1.9%) developed grade 3/4 aminotransferase elevations. Viral hepatitis-coinfected patients had higher rates of both aminotransferases >200 U/L (Table 2 ; Supplementary Appendix 2) and grade 3/4 elevations (Supplementary Appendix 3) than HIV-monoinfected individuals. Because the 2 aminotransferase elevation outcomes yielded comparable results, multivariable analyses were performed using the primary endpoint of aminotransferases >200 U/L.
Risk With Nucleos(t)ide Reverse-Transcriptase Inhibitor
Combinations
Absolute risks and rates of aminotransferases >200 U/L for initiators of different NRTI combinations were similar among HIV-monoinfected and HIV/viral hepatitis-coinfected patients (Table 2 ). Relative hazards of this outcome associated with different NRTI combinations did not differ by viral hepatitis status (test of interaction, P > .20). Among HIV-monoinfected and viral hepatitis-coinfected persons, initiators of abacavir/lamivudine and zidovudine/lamivudine did not have a greater risk of aminotransferases >200 U/L versus tenofovir/emtricitabine (or lamivudine) initiators, after adjustment for baseline ALT, year of ART initiation, and data source ( Figure 2 , Model A).
Risk With Antiretroviral Classes
Among HIV-monoinfected patients, absolute risks and rates of aminotransferases >200 U/L were similar for initiators of PI, non-NRTI, and INSTI classes ( Table 2) . Among viral hepatitis-coinfected patients, the rate of aminotransferases >200 U/L was higher for initiators of PI-based ART (165. 
Risk With Antiretroviral Therapy Regimens
Between 2004 and 2012, the most commonly prescribed ART regimens were as follows: efavirenz plus tenofovir/emtricitabine (44.2%) or zidovudine/lamivudine (7.4%); atazanavir/ritonavir plus tenofovir/emtricitabine (11.0%) or abacavir/lamivudine (2.0%); lopinavir/ritonavir plus tenofovir/emtricitabine (3.6%) or zidovudine/lamivudine (2.9%); darunavir/ritonavir plus tenofovir/emtricitabine (2.7%); and raltegravir plus tenofovir/ emtricitabine (2.0%). Table 2 presents the absolute risks and rates of aminotransferases >200 U/L for these regimens, stratified by viral hepatitis status. Hazard ratios for different ART regimens did not differ by viral hepatitis status (test of interaction, P > .20). Among HIV-monoinfected persons, there were no significant differences in the risk of aminotransferases >200 U/L associated with initiation of these regimens compared with efavirenz plus tenofovir/emtricitabine, after adjustment for baseline ALT, year of ART initiation, and data source (Figure 2 , Model C). Among viral hepatitis-coinfected individuals, there was a higher risk of aminotransferases >200 U/L associated with initiation of darunavir/ritonavir plus tenofovir/emtricitabine (HR, 4.25; 95% CI, 1.45-12.51), atazanavir/ritonavir plus tenofovir/emtricitabine (HR, 2.02; 95% CI, 1.11-3.67), and lopinavir/ritonavir plus zidovudine/lamivudine (HR, 2.58; 95% CI, 1.02-6.57) compared with efavirenz plus tenofovir/emtricitabine.
Severe Acute Liver Injury and Acute Liver Failure
Thirty (0.3%) patients developed severe ALI. Viral hepatitis-coinfected individuals had a higher rate of severe ALI than those without viral hepatitis (Table 3 ; Supplementary Appendix 4). Severe ALI events were too rare to allow evaluation within multivariable models. Among the 7970 patients without viral hepatitis, none developed ALF within the first year of ART initiation.
Risk Factors for Acute Liver Injury Events
Factors associated with development of aminotransferases >200 U/L included viral hepatitis and baseline ALT >40 U/L (Table 4 ). Viral hepatitis, heart failure, age >50 years, and higher baseline HIV RNA were associated with severe ALI (Table 4) . Other refers to regimens with none or >1 of the listed antiretroviral class. ABC, abacavir; ATV/r, boosted atazanvir; DRV/r, boosted darunavir; EFV, efavirenz; FTC, emtricitabine; INSTI, integrase inhibitor; LPV/r, boosted lopinavir; PI, protease inhibitor; TDF, tenofovir; ZDV, zidovudine; 3TC, lamivudine.
In this study of HIV-infected patients initiating ART within 2 of the largest integrated healthcare systems in the United States, we found low absolute risks and rates of ALI within the first year of ART. Although liver aminotransferases >200 U/L and grade 3/4 elevations occurred in 2% of the cohort, severe ALI, manifested by coagulopathy and hyperbilirubinemia, developed in <1%, and no ALF events were identified among patients without viral hepatitis coinfection. Rates of ALI were higher for viral hepatitis-coinfected patients. Among these individuals, initiation of PI-based ART was associated with a higher risk of aminotransferases >200 U/L compared with initiation of non-NRTI-based ART. The risk was significantly higher for coinfected initiators of darunavir/ritonavir plus tenofovir/emtricitabine, atazanavir/ ritonavir plus tenofovir/emtricitabine, and lopinavir/ritonavir plus zidovudine/lamivudine compared with those initiating efavirenz plus tenofovir/emtricitabine. Among HIV-monoinfected patients, no differences in the risk of this outcome were found among different NRTI combinations; PI, INSTI, or non-NRTI classes; or ART regimens. Taken together, these results highlight the rarity of antiretroviral-associated ALI and provide evidence for the hepatic safety of these regimens among HIV-infected patients with and without viral hepatitis.
As in prior studies of antiretroviral-associated hepatotoxicity in the early ART era [6, 11, 13, 33] , viral hepatitis coinfection was associated with higher rates of ALI. Our observation that use of PI-based ART increased the risk of aminotransferase elevations compared with non-NRTI-based ART among viral hepatitis-coinfected patients is consistent with a study of 155 HIV/HCV-coinfected patients from 5 sites across Italy. Protease inhibitor-based ART initiators had a higher incidence of aminotransferase elevations >5 times ULN than non-NRTI-based ART initiators [15] . A study of 568 HIVinfected patients initiating ART at Johns Hopkins Hospital HIV Clinic found that concurrent PI and non-NRTI use was associated with increased risk of hepatotoxicity among viral hepatitis-coinfected patients [14] . Finally, an analysis of 1982 HIV-infected patients initiating ART at Hospital Carlos III in Spain found that aminotransferase elevations >5 times baseline occurred more commonly in HIV/HCV-coinfected patients treated with PIs, particularly darunavir and atazanavir, than with raltegravir or etravirine [34] . The reasons why PIs might increase the risk of aminotransferase elevations among viral hepatitis-coinfected patients remain unclear. Protease inhibitors are associated with up-regulation of proinflammatory cytokines and alterations in lipid metabolism that could promote liver injury [35, 36] , and these effects might be exacerbated by viral hepatitis. Viral hepatitis-mediated liver disease may also impair drug metabolism and clearance, further contributing to drug-related hepatotoxicity [37] . More importantly, although the risk of aminotransferase elevations after PI-based ART initiation was increased in coinfected patients, there were very few severe ALI events among these individuals. Thus, providers should not be reluctant to initiate PIs in viral hepatitis-coinfected patients.
This study identified several factors, including viral hepatitis coinfection, heart failure, older age, and higher pre-ART HIV RNA levels, that might increase ALI risk. Viral hepatitis and heart failure can each contribute to hepatic fibrosis, which could impair the liver's ability to tolerate acute insults from drug-induced ALI [37, 38] . Older HIV-infected patients are more likely to have other comorbidities and polypharmacy [39] , which could increase exposure to hepatotoxic medications or drug-drug interactions. Finally, patients with high pre-ART HIV RNA levels might have more vigorous immune reconstitution after ART initiation. Patients with these characteristics might benefit from closer monitoring of liver aminotransferases after ART initiation.
Our study has several potential limitations. First, severe ALI and ALF events were rare, and analyses of these outcomes could b Due to the low number of severe ALI events, adjusted analyses could not be performed.
not adjust for potential confounders. Moreover, absolute risks and rates for some antiretrovirals, such as integrase inhibitors, were based on small sample sizes. Second, the ALI outcomes in this study could have been due to other conditions, such as patient comorbidities or concurrent medications for which we did not collect complete data. To minimize this possibility, we focused on ALI events that developed within the first year of ART initiation. Third, because pre-existing liver disease precludes a diagnosis of ALF [24] , we did not determine this outcome among viral hepatitis-coinfected patients. For patients with pre-existing liver disease, definitions for the acute deterioration of liver function due to drug-induced or other etiologies ("acute-on-chronic liver failure") have only recently been proposed [40] . Validated methods to ascertain these events within electronic health data have not been developed, preventing us from ascertaining them among hepatitis-coinfected patients.
CONCLUSIONS
In summary, severe ALI events were rare among HIV-infected persons initiating ART. Patients with viral hepatitis had higher rates of aminotransferase elevations and hepatic dysfunction than those with HIV alone. Among viral hepatitis-coinfected patients, initiation of PI-based ART, particularly with darunavir/ritonavir, atazanavir/ritonavir, and lopinavir/ritonavir, was associated with a higher risk of aminotransferase elevations than with non-NRTI-based ART, but acute hepatic dysfunction was uncommon among these individuals.
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